Phoropters are the most common instrument used to detect refractive errors. During a refractive exam, lenses are flipped in front of the patient who looks at the eye chart and tries to read the symbols. The procedure is fully dependent on the cooperation of the patient to read the eye chart, provides only a subjective measurement of visual acuity, and can at best provide a rough estimate of the patient's vision. Phoropters are difficult to use for mass screenings requiring a skilled examiner, and it is hard to screen young children and the elderly etc. We have developed a simplified, lightweight automatic phoropter that can measure the optical error of the eye objectively without requiring the patient's input. The automatic holographic adaptive phoropter is based on a Shack-Hartmann wave front sensor and three computercontrolled fluidic lenses. The fluidic lens system is designed to be able to provide power and astigmatic corrections over a large range of corrections without the need for verbal feedback from the patient in less than 20 seconds.
INTRODUCTION
A phoropter is one of the most commonly used instruments by ophthalmologists and optometrists. The refractive error of the eye is measured using a set of lenses with power increments of 0.25 diopter. These lenses are placed one at a time in front of the patient's eye, while looking at an eye chart at some distant away. A large number of lenses is required to cover the most common vision errors of myopia (nearsightedness), hyperopia (farsightedness), and astigmatism within the required range. This will result in large physical footprint of the phoropter and adds to its complexity. Moreover, this process can take a long time and requires constant and reliable feedback from the patient, which can cause some errors in the actual prescribed data, especially for young children and infants who cannot have verbal communication.
Fluidic lenses are a good alternative to reduce the number of lenses required in a phoropter system. Continuous power change of these lenses is also another potential advantage that can lower the 0.25 diopter increments. Tunable lenses have been studied in different applications such as adaptive eyeglasses [1] , confocal microscopy [2] , microscope objectives [3, 4] , and camera lenses [5, 6] . Marks et al [7, 8] investigated application of fluidic lenses for ophthalmic correction, using manually pumped fluidic lenses to correct defocus and astigmatism errors. While these hydraulically pumped lenses have showed to support large correction range of -20 to 20 diopters, they suffer from lack of feedback system for automatic correction and large system footprint.
Various methods to fabricate and control liquid lenses have been investigated [9] . Liquid crystals [10] , Electrowetting (EW) [11, 12] , thermal stimulation [13] , and external pressure actuated pumps [14] [15] [16] [17] [18] have all shown promising applications for tunable lenses. Although most these methods are limited to spherical powers, recent studies by Kope and Zappe [19] , and Liebetraut et al [20] showed tunable astigmatism in liquid lenses, as well. The main disadvantage of using the EW lens designs is the limited movement range (limited change in focal length) which make them unsuitable for eye refractive correction.
In order to overcome the abovementioned problems, in this paper we demonstrate a new compact fluidic lens based auto-phoropter. The fluidic lens membranes are made of Polydimethylsiloxane (PDMS) and the correction power is controlled using hydraulic pump. By choosing the appropriate mechanical aperture, these lenses can be utilized for both defocus and astigmatism correction. Moreover, holographic optical elements (HOEs) [21] are deployed to provide an unobstructed view for the patient during the measurement in the visible wavelengths while redirecting the IR light into the wavefront sensor. The system design and simulations are presented in next part following by the fabricated setup test results.
PHOROPTER DESIGN
The auto-phoropter design is depicted in Figure 1A . Green color shows the visible light path in the system while orange illustrated the infrared light traveling form the source to the detector. The collimated 780nm laser steers towards the eye using 50:50 beam splitter. The light passes through the fluidic lens setup before reaching the eye. The first two fluidic lenses have cylindrical shape (place at 45 degrees with respect to each other) to correct astigmatism at different angles while the third one has spherical shape to correct the defocus. After passing through the three fluidic lenses, the reflect light from the retina goes through the HOE telescope system. The HOE telescope system is designed to image the eye pupil on to the wavefront detector and changing the beam size to fit the detector's aperture. Moreover, the HOEs are designed specifically for 780nm wavelength and they don't affect the visible wavelength range. Hence, patient's view will not be blocked while looking at a distant eye chart and the eye is not blinded by the visible laser light. A Shack-Hartmann detector is used to measure the Zernike values and optometric constants of the IR wavefront. The fluidic lenses are controlled using hydraulic pumps based on the feedback data from the Shack-Hartmann detector. Figure 1B and 1C show the fabricated compact phoropter system and the fluidic lenses respectively.
To fabricate the lens membranes, Sylgard-184 PDMS form Dow Corning was spin coated at on a two-inch flat glass substrate and baked in the oven at 100°C for 30 minutes. The thickness of the PDMS membranes are measured using a DEKTAK profilometer. Using 500 RPM spin coating for 15 seconds and degassing the PDMS before bake, creates a 250µm thick uniform membrane. Laser liquid with refractive index of 1.55 is used as the fluid inside the lenses to minimize the index mismatch between the rigid glass side, the fluid, and the deformable PDMS membrane of each lens. By choosing appropriate dimensions for the circular (radius = 10mm) and rectangular (width = 13mm, height = 28mm) clamps for the membranes, the lenses would act as spherical and cylindrical within the optical aperture of the setup (radius = 5mm). Moreover, refractive correction can be achieved within the range of 20 diopters at different angles.
The clear aperture of the lenses are 10mm in diameter. The mechanical clamps are chosen such that the lenses behave as spherical or cylindrical within the optical aperture. The deformation of the PDMS membranes can be modeled as a quadratic polynomial [22] . Membranes were modeled as even aspherical and toroidal surfaces in Zemax for spherical and cylindrical lenses respectively. By changing the curvature form -0.024/mm to 0.024/mm, the focal length can be changed from -100 to 100 mm (-10 to 10 diopters). Simulated Zernike value of defocus (Z4), 45° astigmatism (Z5), and 90° astigmatism (Z6) at two different lens powers (-5 and +5 diopters) in the spherical and 
RESULTS
The fluidic lenses are characterized using their Zernike values at different magnifications. Shack-Hartmann sensor was used to measure the Zernike values for defocus (Z4), oblique astigmatism (Z5), and vertical astigmatism (Z6) at different dioptric lens powers. Figure 2B shows the normalized measured result for each lens at -5 and +5 diopters. As can be seen the measured results match the Zemax model quite well, which shows the fluidic lenses can be replaced the traditional spherical and cylindrical lenses of a the phoropter. The power of each lens adjusts using the feedback data form the in-house developed .Net software that calculates the required volume change based on the optometric constants of the infrared wavefront reaching the Shack-Hartmann detector. Figure 3 illustrates the imaging results through the defocus lens at three different focal lengths (10cm, 40cm, and 100cm). By tuning this focal distance using a hydraulic pump, magnification power variation of -10 to 10 diopters with 0.1 diopter increments is achieved. The same magnification control is also applied for the cylindrical lenses to control the astigmatism at different angles. 
CONCLUSION
In this paper, we introduced a compact auto-phoropter system. The refractive correction using PDMS based tunable fluidic lenses showed high accuracy for spherical aberration and astigmatism. Power range of -10 to +10 diopters was achieved using hydraulically actuated pumps with high resolution. 3D printing of the pumps and lenses on the same structure can further reduce the system footprint while increasing the accuracy and response time of the system. Moreover, employing holographic optical elements made use of their unique property in steering the IR light towards the detector without affecting the patient's line of sight in visible range. Finally, automatic refractive power correction using the data form Shack-Hartmann detector eliminates the need for verbal feedback from the patient and increases the prescription accuracy while decreasing the examination time.
